The nectin and nectin-like molecule (Necl) family includes important cell adhesion molecules (CAMs) characterized by their Iglike nature. Such CAMs regulate a broad spectrum of cell-cell interactions, including the interaction between NK cells and cytotoxic T lymphocytes (CTLs) and their target cells. CAM members nectin-2 (CD112) and Necl-5 (CD155) are believed to form homodimers (for nectin-2) or heterodimers in their functions for cell adhesion, as well as to interact with immune costimulatory receptor DNAX accessory molecule 1 (DNAM-1) (CD226) to regulate functions of both NK and CTL cells. However, the structural basis of the interactive mode of DNAM-1 with nectin-2 or Necl- 5 is not yet understood. In this study, a soluble nectin-2 Ig-like Vset domain (nectin-2v) was successfully prepared and demonstrated to bind to both soluble ectodomain and cell surface-expressed full-length DNAM-1. The 1.85-Å crystal structure of nectin-2v displays a perpendicular homodimer arrangement, revealing the homodimer characteristics of the nectin and Necls. Further mutational analysis indicated that disruption of the homodimeric interface of nectin-2v led to a failure of the homodimer formation, as confirmed by crystal structure and biochemical properties of the mutant protein of nectin-2v. Interestingly, the monomer mutant also loses DNAM-1 binding, as evidenced by cell staining with tetramers and surface plasmon resonance assays. The data indicate that interaction with DNAM-1 requires either the homodimerization or engagement of the homodimeric interface of nectin-2v. These results have implications for immune intervention of tumors or autoimmune diseases in the DNAM-1/nectin-2-dependent pathway. The Journal of Immunology, 2012, 188: 000-000. C ytotoxic lymphocytes, such as NK cells and CTLs, are major players in cell-mediated immunity against viral infection and tumorigenesis (1) (2) (3) . The recognition of nonself and abnormal self-Ags and the activation of NK cells and CTLs are mediated by AgRs, a series of costimulators, and adhesion molecules (4) (5) (6) . Among the immune costimulatory receptors, attention has been focused on the Ig superfamily member DNAX accessory molecule 1 (DNAM-1; also called CD226), which is expressed on the majority of NK cells, T cells, monocytes, and platelets (7) (8) (9) . DNAM-1 is involved in the expansion, differentiation, and activation of NK cells and naive T cells (10, 11) . Furthermore, DNAM-1-deficient mice display increased tumor development after transplantation of tumor cells (12) . A nonsynonymous polymorphism (Gly307Ser) of DNAM-1 was recently identified as a genetic risk factor for a variety of autoimmune diseases, such as type 1 diabetes, autoimmune thyroid disease, rheumatoid arthritis, multiple sclerosis, systemic sclerosis, systemic lupus erythematosus, and psoriasis (13) . Therefore, studies of DNAM-1's interactions with its ligands are important for our understanding of its true physiological functions, especially in the immune system. Nectin-2 (also called CD112 or poliovirus receptor-related protein 2) and Necl-5 (also called CD155, or poliovirus receptor) have been identified as two ligands of DNAM-1 in both humans and mice (14) (15) (16) . Evidence from in vitro and in vivo studies revealed that the interaction of DNAM-1 with its ligands is involved in the functions of a variety of immune cells (12, 17) . For instance, a strong correlation was found between the expression of nectin-2 and Necl-5 and the lysis susceptibility of myeloid leukemia by NK cells (18) . Nectin-2-and Necl-5-transduced tumor cells are efficiently rejected in mice through the stimulation of DNAM-1-expressing innate immunity by CD8a + dendritic cells (DCs), as well as NK cells (19) . NK cell-mediated lysis of DCs also involves DNAM-1 and its ligands; moreover, the degree of contribution of DNAM-1 in this process is correlated with the surface densities of nectin-2 and Necl-5 (20) . Furthermore, monocyte extravasation through the endothelium is also regulated by DNAM-1 and Necl-5 expressed at endothelial junctions (21) .
The interaction of eosinophil-expressed nectin-2 with DNAM-1 on mast cells contributes to costimulatory responses in allergic reactions (22) . However, few reports have characterized the interaction of DNAM-1 and its ligands at the molecular level (23) . The impact of the binding mode of DNAM-1 and nectin-2/Necl-5 on their functions is necessary for our understanding of NK/CTL cell functions.
Nectin-2 and Necl-5 belong to the nectin and Necl family, which consists of nine members (nectin-1-4 and Necl-1-5). These molecules are novel Ca 2+ -independent Ig-like cell adhesion molecules (CAMs) (24) . Nectin and Necls each contain three Ig-like domains (one V-set and two C-set domains) in their extracellular regions (25) . The distinction between nectins and Necls is that Necls lack an afadin-binding motif in their cytoplasmic domains (25, 26) . It is believed that nectins/Necls can form homo-or heterodimers, contributing to cell-cell adhesion (24, (27) (28) (29) . Thus, nectin/Necls play a pivotal role in the formation of cell polarity and the metastasis of tumor cells (30) . Nectin-2 was initially discovered as a poliovirus receptor-related protein (31) . It is expressed on a variety of cells and is especially overexpressed on a variety of tumor cells (16) . Nectin-2 can stimulate the reaction of NK cells and CTLs through its interaction with DNAM-1 (32) .
Previous studies suggested that nectins/Necls might form cisdimers through their first C-set domain and consequently form trans-dimers through their V-set domain during cell-cell adhesion (28, (33) (34) (35) . This interactive mode of nectins/Necls may be supported by the structural determination of the Necl-1 (also known as synaptic CAM [SynCAM]3) V-set domain in 2006, in which the homodimer of Necl-1 was considered a trans-dimer (36). The crystal structure of the extracellular region of nectin-1, with three Ig domains (including the V-set and both two C-set Ig-like domains), also displayed a dimer architecture via its V-set domain, which is proposed as a cis-dimer because of the perpendicular arrangement of the homodimer interface (37) . More recently, the V-set domain of Necl-3 (also known as SynCAM2) was also determined to be a homodimer (38) . Despite these crystal structures, the true dimerization mode of nectins/Necls remains debatable.
In this study, we generated a soluble V-set domain of nectin-2 (nectin-2v) and demonstrated that it binds to both DNAM-1-expressing cells and the soluble ectodomain of DNAM-1. The crystal structure of nectin-2v at 1.85 Å clearly shows a homodimer formed by two perpendicularly arranged molecules. Disruption of the dimeric interface abolishes nectin-2v binding to DNAM-1 and yields a stable nectin-2v monomer. We propose that there are two possible models for DNAM-1 binding to nectin-2: DNAM-1 competes against nectin-2 dimer formation in a 1:1 (DNAM-1: nectin-2)-binding mode and DNAM-1 binds nectin-2 dimer in a 1:2 (DNAM-1:nectin-2)-binding mode.
Materials and Methods

Protein expression and purification
Ig variable (V) domain of human nectin-2 (nectin-2v) from aa 32-158 (wild type [WT] ) and mutant of the V domain (FAMP mutant = F145S, A143S, M89S, and P94S) encoding cDNAs were inserted into the NdeI and XhoI sites of the pET-21a expression vector (Novagen). Recombinant proteins were expressed in Escherichia coli strain BL21 (DE3) as inclusion bodies. Preparation, denaturation, and renaturation of the inclusion bodies were performed, as previously described (39) (40) (41) . Refolded soluble proteins were first purified by gel filtration through a Superdex 75 10/300 GL column with an AKTA FPLC (GE Healthcare), followed by a Resource Q ion exchange column (GE Healthcare). Subsequently, gel filtration was used as the final purification step, with a buffer of 20 mM Tris (pH 8) and 50 mM NaCl, and the target protein was concentrated to 5 or 10 mg/ml for crystallization.
L-SeMet-labeled nectin-2v was also expressed in E. coli strain BL21 (DE3). Adaptive medium (20% Luria-Bertani medium and 80% M9 medium) was used to culture the cells at 37˚C to an OD 600 of 0.4-0.8. Subsequently, the E. coli cells were resuspended in M9 medium and cultured in restrictive medium (1% glucose) to an OD 600 of 0.6-0.8 before induction. The medium was supplemented with 60 mg/l L-SeMet; 100 mg/l lysine, threonine, and phenylalanine; 50 mg/l leucine, isoleucine, and valine; and 0.5 mM isopropyl 1-thio-b-D-galactopyranoside. Induction occurred at 16˚C for 20 h. Finally, the L-SeMet-labeled protein was purified and stored under the same conditions as was the native protein.
The cDNA-encoding extracellular domain of human DNAM-1 from aa 19-250 was inserted into the NdeI and XhoI sites of the pET-21a expression vector. The recombinant DNAM-1 was expressed in E. coli strain BL21 as inclusion bodies. The DNAM-1 inclusion bodies were isolated, as previously described (42) 
Crystallization and data collection
The hanging-drop vapor-diffusion technique was used to screen crystalgrowing conditions (Hampton Research) for WT nectin-2v and its FAMP mutant at 18˚C. Diffraction data of the crystals were collected at the Shanghai Synchrotron Radiation Facility (SSRF) Beamline BL17U (Shanghai, China), whereas anomalous x-ray diffraction data were collected at peak (l = 0.9783 Å ) wavelengths from the selenomethionyl-derivative protein at the Advanced Photon Source (Chicago, IL). The collected intensities were indexed, integrated, corrected for absorption, scaled, and merged using HKL2000 (43) .
Structure determination
Data collection and processing statistics are summarized in Table I . The peak dataset was used for experimental phasing by the single-wavelength anomalous dispersion method. A total of three expected heavy atoms was located by SHELXD (44) , and initial phases were calculated using Phaser (45) . Density modification was performed by DM (46) . Approximately 90% of the residues were automatically traced by ARP/wARP (47) .
The structures of WT nectin-2v and the FAMP mutant were solved by the molecular-replacement method using Phaser (37) from the CCP4 program suite with the L-SeMet model. Extensive model building and restrained refinement were performed with COOT (48) and REFMAC5 (49) . Further rounds of refinement were performed using the phenix.refine program implemented in the PHENIX package (50) with isotropic ADP refinement and bulk solvent modeling. The stereochemical quality of the final models was assessed with the program PROCHECK (51).
Protein structure accession numbers
The atomic coordinates and structure factors for nectin-2v and FAMP mutant presented in this article have been submitted to the Protein Data Bank (PDB) under accession numbers 4DFH (http://www.pdb.org/pdb/ search/structidSearch.do?structureId=4DFH) and 4DFI (http://www.pdb. org/pdb/search/structidSearch.do?structureId=4DFI), respectively.
Gel-filtration and native gel assays
A calibrated Superdex 200 column (GE Healthcare) was used for molecular weight estimation for the WT and mutant nectin-2v. Gel-filtration fractions were subjected to SDS-PAGE or native PAGE in a Bio-Rad Mini-Protean II or Protean II (20-cm plates) slab cell (Bio-Rad, Richmond, CA), with the discontinuous buffer system in 7.5% (w/v) polyacrylamide-separating gels and 5% (w/v) stacking gels. Samples were incubated at 45˚C for 30 min in sample buffer, with a final concentration of 47 mM Tris-HCl (pH 7.8), 2% (w/v) SDS, 7.5% (v/v) glycerol, 40 mM DTT as the thiol-reducing agent, and 0.002% (w/v) bromphenol blue. The supernatants were centrifuged at 15,000 3 g for 2.5 min before loading. Native PAGE was performed in 7.5% (w/v) polyacrylamide-separating gels and 4% (w/v) stacking gels, with or without 0.1% (w/v) CHAPS. Before fractionation, the samples were incubated for 30 min at 45˚C in Tris-HCl (pH 7.8) buffer, with or without 0.1% (w/v) CHAPS.
Cell culture and transfection
Human 293T cells were cultured in DMEM supplemented with 10% FCS. The endogenous expression of nectin-2 and DNAM-1 on the cell surface was evaluated by flow cytometry with anti-nectin-2 mAb (sc-65333; Santa Cruz) and anti-DNAM-1 mAb (FAB666F; R&D Systems) conjugated to fluorescein, respectively.
To test the interaction of DNAM-1 with nectin-2, the plasmid pDNAM-1 was generated by inserting cDNA corresponding to full-length DNAM-1 into modified eukaryotic expression vector pCAGGS, which contains a FLAG tag sequence downstream of the multiple coding site. Recombinant plasmids were transfected into 293T cells, and the overexpression of FLAGfusion proteins was confirmed by Western blotting with anti-FLAG Ab (Sigma), according to standard procedures.
Tetramer preparation and cell staining
To prepare tetramers of nectin-2v and its mutant FAMP, cDNAs corresponding to nectin-2v and the FAMP with C-terminal biotin-binding tags were subcloned into the NdeI and XhoI sites of the pET30a prokaryotic expression vector. Recombinant proteins were expressed in BL21 E. coli cells as inclusion bodies and were subsequently refolded and purified, as described previously (52, 53) . Biotinylation of proteins in vitro was achieved by incubating the protein with the Bir A biotin protein ligase, D-biotin, and ATP (52) . Free biotin was removed through gel filtration using AKTA FPLC (GE Healthcare). The efficiency of the in vitro biotinylation was determined through streptavidin-shift assays (3). The proteins displaying high efficiency of biotinylation were used to produce tetramers by incubating with PE-conjugated streptavidin (Sigma).
The 293T cells were transiently transfected with pDNAM-1 plasmids or empty vectors. Twenty-four hours after the transfection, cells were treated with 0.025% trypsin, resuspended in PBS, and stained with the tetramer (0.05 mg/ml) for 1 h. Subsequently, the cells were analyzed by flow cytometry (EasyCyte Mini; Guava).
Histochemistry staining
Twenty-four hours after the transfection of pDNAM-1 plasmids or empty vectors, 293T cells were washed with PBS three times and fixed for 15 min with 3% paraformaldehyde, followed by blocking with 1% BSA for 30 min. Subsequently, the cells were incubated with biotinylated nectin-2v or FAMP mutant, with a final concentration of 2 mg/ml, at 25˚C for 1 h. Cells were washed three times with PBS, incubated with HRP-conjugated streptavidin solution (1:200; Beyotime, Shanghai, China) for 1 h, and incubated with freshly prepared HRP-DAB substrate reagent (Beyotime) for 15 min; the developing color was stopped by rinsing with PBS. The images were obtained via laser confocal microscopy (Zeiss LSM 710).
Surface plasmon resonance measurements
The binding affinity between DNAM-1 and nectin-2v or FAMP mutant was analyzed at 25˚C on a Biacore 3000 machine with CM5 chips (GE Healthcare). HBS-EP buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% Tween 20) was used for all measurements. For surface plasmon resonance (SPR) measurements, both DNAM-1 and nectin-2v were purified by gel filtration using a Superdex 75 column (GE Healthcare). About 700 response units of nectin-2v were immobilized on the chip, followed by blockade with EDTA. When the data collection was finished in each cycle, the sensor surface was regenerated with 10 mM NaOH. A series of concentrations ranging from 1.56 to 50 mM was designed for the experiment. Sensograms were fit globally with Biacore 3000 analysis software (BIAevaluation Version 4.1) using 1:1 Langmuir binding mode. The equilibrium binding constant (K D ) values were calculated using a nonlinear curve fit (y = [P 1 x]/[P 2 + x]).
Results
The dimeric structure of nectin-2v
The V-set domain (residue 32-158) of the extracellular portion of nectin-2 (i.e., nectin-2v) was produced through an in vitro refolding procedure (52) from E. coli-expressed inclusion bodies. The crystal structure was solved at a resolution of 1.85 Å (Table I) . Two molecules of nectin-2v were found in one asymmetric unit (Fig. 1A) , and they form a tight dimer (perpendicular head-head interaction). As expected, nectin-2v displays a typical Ig V-set structure, which consists of nine antiparallel b-strands. Structural superimposition of one molecule of nectin-2v with the V domains of all of the known structures of nectin and Necl family members, including nectin-1 (54), Necl-1 (36), Necl-3 (38) , and Necl-5 (55), indicated that nectin-2v retains a similar overall conformation compared with other members (Fig. 1B) .
(Structurally determined nectin-1, Necl-1, and Necl-5 are derived from human, whereas Necl-3 is from mouse; however, the sequence of the visible part of the Necl-3 structure is 100% con- Values in parentheses are for highest-resolution shell.
The Journal of Immunologyserved between mouse and human.) However, the alignment of these molecules clearly shows that nectin-2v contains an unusual extended loop (D-E loop, covering residue 112-117 aligned with Necl-5) between the D and E strands (Fig. 1B) . The D-E loops of the two molecules of the nectin-2v dimer protrude with the same orientation (to the upper side of the dimeric interface) and display a flexible conformation (the flexibility can be derived from the fact that there is no electronic density observed for molecule 2 of the nectin-2v dimer). More importantly, the uncommon loop of nectin2v is due to the addition of residues in the protein sequence of nectin-2 relative to other nectin and Necl family molecules (Fig. 1C) , indicating that this unique loop is an intrinsic feature of nectin-2.
The structures of nectin-1 (three Ig domains) (54), Necl-1 (V domain alone) (36) , and Necl-3 (V domain alone) (38) reveal that these molecules also form dimers through the interaction of their V domains. By superimposing nectin-2 on nectin-1, we found that the overall conformation of the dimer formed by nectin-2v is similar to nectin-1, with the root mean square deviation (RMSD) of 1.472 Å (Fig. 2A) , much smaller than the RMSD when aligning with Necl-1 (RMSD = 8.388 Å ) or Necl-3 (RMSD = 8.109 Å ). When we superimposed the first molecules in the asymmetric unit of these four dimeric proteins (Fig. 2B) , we found that the second molecule (molecule 2 in the asymmetric unit) of nectin-2v is located in the same position as nectin-1 molecule 2 but is different from the position of molecule 2 of Necl-1 and Necl-3.
Detailed analyses of the interface of the two molecules in the nectin-2v dimer indicated that the formation of the dimer depends on highly hydrophobic interactions between the two molecules. The interface area of the two nectin-2v molecules is 861.0 Å 2 , which is larger than that of nectin-1 (841.0 Å 2 ), Necl-1 (729. (Figs. 1C, 2C ). These residues within the interface area of the two molecules have a total exposed hydrophobic area of 470.1 Å 2 , occupying 55.9% of the total interface area of the two molecules. The unconventional large hydrophobic interface of nectin-2v dimer is the consequence of a combination of nectin-2v characteristic residues (unique residues Tyr 64 , Leu 67 , Ala 84 , and Pro 94 in nectin-2 compared with other nectins/Necls in these positions). In addition to the hydrophobic interaction, the two molecules form hydrogen bonds to enhance dimer formation. The generally symmetric hydrogen bonds are formed between The uncommon D-E loop within the structure of nectin-2v. Structural superposition of five structure-solved nectin/Necls, including nectin-2 (green), nectin-1 (PDB: 3ALP; purple), Necl-1 (also known as SynCAM3, PDB: 1Z9M; blue), Necl-3 (also known as SynCAM2, PDB: 3M45; yellow), and Necl-5 (PDB: 3EOW; brown), demonstrating the unique protrusion of the D-E loop of nectin-2. (C) Structure-based sequence alignment of nectin-2 and other structure-determined nectin and Necls. Black arrows denote b-strands. Loops above the alignment indicate a-helices. The residues in blue boxes are highly conserved (.80%), and the residues highlighted in red are completely conserved. The green number "1" denotes residues that form disulfide bonds. Residues that were selected for mutation in the monomeric FAMP mutant of nectin-2v are highlighted with purple asterisks. The sequence alignment was generated with Clustal X (67) and ESPript (68 (Fig. 2D ).
The role of the hydrophobic interface in nectin-2v dimer formation
Structural analysis indicated that the dimer conformation of nectin2v mainly depends on the hydrophobic interface between the two V domains. To further verify the pivotal role of the hydrophobic interface in the homodimer of nectin-2v and elucidate the key residues within the interface, we generated a mutant of nectin-2v, termed the FAMP mutant. ) in the dimer interface of nectin-2v were selected for their nondirect van der Waals interactions with the corresponding residues in the other dimer molecule and replaced with the nucleophilic amino acid serine in the FAMP mutant. To observe whether mutagenesis of the hydrophobic interface can ablate the nectin-2v homodimer, we determined the structure of the FAMP mutant. Indeed, we found only one FAMP molecule in the asymmetric unit and no dimer as the one in the structure of nectin-2v is formed through the crystal packing or symmetric operation, indicating that the FAMP mutant is a monomeric mutant of nectin-2v.
The overall structure of the FAMP mutant is similar to both molecules 1 and 2 in the homodimer of nectin-2v, with RMSDs of 0.524 and 0.496 Å , respectively. When we superimposed the FAMP mutant structure onto molecule 1 of nectin-2v, we found that the major differences between the two structures involve a conformational shift of the loops on the borderline of the interface of the nectin-2v homodimer (Fig. 3A) . These loops in the FAMP mutant float away from the direction of the dimer interface and adopt a loose conformation compared with the molecules in the homodimer of nectin-2v. Comparison of the electronic density of the mutated residues from the FAMP mutant with WT nectin-2v clearly demonstrates that Met 89 , Pro 94 , Ala 143 , and Phe 145 of nectin-2v have been replaced by four serines (Fig. 3B ). Further analysis of the hydrophobicity of the altered surface of the FAMP mutant (where the interface of the homodimer of native nectin-2v is located) indicated that mutation of the four residues dramatically reduced the area of the hydrophobic interface of nectin-2v (Fig. 3C, 3D) , as expected. Transformation of the nectin-2v dimer into a monomer of the FAMP mutant is highly correlated with the destruction of the hydrophobic interface of nectin-2v, indicating the pivotal role of the hydrophobic interface in the formation of nectin-2v homodimers. Thus, the hydrophobic interface and the ability of nectin-2v to form a tight dimer may have important roles in its physiological function (i.e., DNAM-1 binding).
To further verify the monomeric FAMP mutant compared with the dimeric status of nectin-2v, we performed a series of biochemical assays. First, nectin-2v and the FAMP mutant were subjected to size-exclusion chromatography (Superdex 200 10/300 GL column). Nectin-2v was eluted as a single peak at an elution volume of 12 ml, corresponding to a globular protein with an estimated molecular mass ∼30 kDa. However, the FAMP mutant was eluted at a volume of 14 ml, corresponding to a much smaller molecular mass ∼13 kDa (Fig. 4A) . Subsequently, we further analyzed the status of the two proteins by performing native PAGE (Fig. 4B) ; the results demonstrated that nectin-2v and the FAMP mutant carried different negative charges in the native PAGE gel. Both of the proteins moved from the negative electrode to the positive, but the rate of nectin-2v migration was much slower than that of the FAMP mutant, indicating the distinct status of the two proteins.
Taken together, both the structural and biochemical results indicate that destruction of the hydrophobic interface of nectin-2v abolishes its dimerization. Moreover, the successful mutation assays guided by the structure analyses revealed that the bacterially produced nectin-2 protein, which was used to determine the structure, has a naturally folded conformation. www.jimmunol.org
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Soluble nectin-2v, but not the monomer mutant, binds to cell surface-expressed DNAM-1
To test the physiological activity of our recombinant nectin-2v, we prepared a tetramer of nectin-2v using a biotin-streptavidin system to assess the binding of nectin-2 to DNAM-1. Cultured 293T cells were used to generate a cell line transiently expressing DNAM-1. First, to test the expression status of nectin-2 and its receptor (DNAM-1) on the surface of the 293T cells, we stained the untransfected cells with anti-nectin-2 and anti-DNAM-1 mAbs (Fig. 5A) . Flow cytometry analysis revealed that 293T cells express nectin-2, but not DNAM-1, on the cell surface, as previously reported (15) . Nectin-2v tetramers were also used to stain the 293T cells. As expected, no binding of nectin-2v to the 293T cells was observed (Fig. 5A) . These results indicate that 293T cells can act as a model to study the interaction of nectin-2 and its receptor DNAM-1. Subsequently, 293T cells were transfected with pDNAM-1 plasmid harboring full-length DNAM-1, and the expression of DNAM-1 on the transfected cells was verified with flow cytometry using the anti-DNAM-1 mAb (Fig. 5B) , as well as Western blotting (data not shown). The cells were then used to analyze the binding of nectin-2 to DNAM-1. Notably, tetramers of nectin-2v bound to the surface of the DNAM-1-transfected cells (Fig. 5B) . Thus, we concluded that recombinant, soluble nectin-2v has the potential to perform an in vivo biological function, indicating a natural three-dimensional structural conformation of this protein.
To further elucidate the binding profile of nectin-2v with DNAM-1, we also prepared tetramers of the monomeric FAMP mutant of nectin-2v. DNAM-1-expressing 293T cells were then stained with the tetramers of the FAMP mutant in comparison with the tetramers of WT nectin-2v (Fig. 5B) . The results of flow cytometry demonstrated that, although the nectin-2v tetramer binds to the DNAM-1-expressing cells (25% positive cells with high fluorescence), tetramers of the FAMP mutant cannot stain the cells (no positive cells with high fluorescence). We also performed in situ staining of the DNAM-1-expressing 293T cells using biotinylated nectin-2v and its FAMP mutant (Fig. 5C) ; the in situ coloring of the stained cells was developed via HRP. In contrast to efficient staining of the DNAM-1-expressing cells by nectin-2v, the cells could not be stained by FAMP mutant. The disruption of the dimerization interface of nectin-2 leads to a dramatic loss of the binding of nectin-2 to DNAM-1, indicating that this unusual hydrophobic interface between the two molecules within the nectin-2 homodimer plays a role (direct or indirect) in the interaction with DNAM-1.
Binding-kinetics analysis of DNAM-1 to nectin-2v and FAMP mutant measured by BIAcore
Binding affinity of DNAM-1 to nectin-2v was performed using SPR technology. When DNAM-1 was injected over WT nectin-2v at 25˚C, a fast binding kinetics was observed (K on and K off are too fast and are beyond the BIAcore detection sensitivity) (Fig. 6A) . , and Phe 145 in nectin-2v (purple residues, left panels) were mutated to four serines in the FAMP mutant (red residues, right panel). (C and D) , Deconstruction of the hydrophobic interface of nectin-2v cis-dimer. After mutation of the four hydrophobic residues in the dimer interface, the corresponding vacuum electrostatic potential surface within the area of the four residues (yellow circles) obviously changed. The K D value was calculated as 8.97 mM, using a least-squares fit for the data, assuming a 1:1 interaction in the steady-state affinity model (Fig. 7) , which was confirmed by a Scatchard plot (Fig.  6B) . To compare the binding capacity of WT nectin-2v and the FAMP mutant to DNAM-1, DNAM-1 (200 mM) was injected over WT nectin-2v and the FAMP mutant at the same time. The results show that WT nectin-2v binds to DNAM-1 well, but the FAMP mutant loses its binding capacity to DNAM-1 (Fig. 6C ).
Discussion
In this study, a series of biochemical, crystallographic, and cell biological analyses characterized the homodimer formation and the binding of nectin-2 to its immune costimulatory receptor DNAM-1. A perpendicular homodimer structure of nectin-2 V-set was solved. Furthermore, the pivotal role for the hydrophobic interface, including the key residues, was verified in the dimerization of nectin-2. The disruption of the hydrophobic interface also abol- Nectin and Necls are believed to function in both homophilic and heterophilic dimers, as well as cis-and trans-dimers, in a variety of cells, including epithelium, immune cells, and neurologic system cells (24, (27) (28) (29) . In addition, they interact with a broad spectrum of ligands/counterreceptors to execute their functions (14-16, 24, 56, 57) . More importantly, they can also be used as receptors for virus entry (31, (58) (59) (60) . However, with these diverse functions, it is less well understood how the same molecule functions in different cells, especially with regard to the ability of the same molecule to bind different ligand/counterreceptors. Structural information about nectin and Necls is very limited. Only three homodimers (three Ig domains of nectin-1, one Ig domain of Necl-1 and Necl-3) and one monomer (two Ig domains of Necl-5) of nine members of this family have been described but with different conclusions (36, 38, 54, 55) . The structure of nectin-1 is regarded as a cis-dimer, but Necl-1 is considered a trans-dimer (36, 38, 54) . There is no structural report of any heterodimers for these family members. Therefore, the true scenario of the structural basis for the diverse binding properties of nectins/Necls remains a big issue. Recently, our group (61) and Di Giovine et al. (62) independently discovered that human HSV-1 glycoprotein D (gD) unexpectedly precluded the nectin-1 dimer from entering host cells (i.e., the binding interface of nectin-1 to gD is almost the same as the nectin-1 dimer interface), revealing the monomeric nectin-1 binding mode to gD, rather than the suspected nectin-1 dimeric binding.
The structure of nectin-2v clearly displays a tight homodimer formed through a large hydrophobic interface. The recently determined structure of another nectin family member, nectin-1, confirms the cis-homodimer binding, mainly through a network of hydrogen bonds (54) . Via analysis of the nectin-1 dimer, Narita et al. (54) proposed that the trans-interaction of nectins may depend on the upper side of the nectin cis-dimer. However, in our study, tetramers of recombinant nectin-2v did not bind to 293T cells, which express nectin-2 on their surface (Fig. 5A) . One interpretation of this phenomenon is that soluble recombinant nectin-2v exists as a cis-dimer in solution. The nonbinding of this cis-dimer to cell surface-expressed nectin-2 indicates that transinteraction of nectin-2 expressed on different cell surfaces may also use a similar hydrophobic interface as in the cis-dimer. This implies that both cis-and trans-interaction of nectin-2 may occur via a similar manner through the dimerization of the first Ig-like V-set domain (Fig. 7A, 7B ). In contrast, on the surface of the same cell, nectin-2 would have two statuses, monomer and cis-dimer, that exist in equilibrium. The monomers can trans-bind to each other through their first V-set domain. This mode of trans-interaction of nectin-2 can also be applied to the heterointeraction of different nectins. There is also a possibility that nectin-2 on different cells behaves differently (i.e., as either a monomer or cisdimer). All of these questions remain to be answered. In addition to the contribution of V-set domain in the dimer formation, previous cell biological studies indicated that the C-set domains of nectin or nectin-like molecules are involved in cis-interaction (Fig. 7A) (33) (34) (35) . Related studies from different groups independently demonstrated that the C-set domains of nectin-2 and Necl-2 (SynCAM1) on the surface of the cells are responsible for the lateral clustering of the cis-interaction, which could complement or even promote the trans-interaction of these molecules (33, 35) .
Nectin-2v, produced through the prokaryotic expression system in our study, has no posttranslational modified residues. However, it was demonstrated that the posttranslational modification of adhesion molecules can modulate their homophilic adhesion and other functions (36) . The K D value of nectin-2 binding to DNAM-1 determined in our study is slightly lower than the K D value reported by Tahara-Hanaoka and colleagues (23) . They produced the nectin-2 proteins through an eukaryotic expression system featured with postmodifications of the protein. This may indicate that postmodified residues of nectin-2 also contribute to the nectin-2/DNAM-1 interaction. Fogel et al. (38) determined that Nglycosylation within the V domains of Necls, also known as SynCAMs, differentially affects Necl properties. The N-glycans at Asn 70 /Asn 104 of Necl-2 (SynCAM1) increase its homophilic interactions, whereas N-glycosylation of Necl-3 (SynCAM2) at Asn 60 hinders the homodimer formation. It was determined that Necl-2 V domain accommodates the glycosylation sites Asn 70 / Asn 104 flanking the homo-binding interface, which may favor dimer formation by limiting the conformational space available to the V domain. In contrast, an N-glycan on residue Asn 60 of Necl-3 was identified within the adhesive interface of its V domain, which may interfere with homodimer formation. When we analyzed the potential N-glycosylation sites within the V domain of nectin-2 through prediction (63), we found that Asn 107 may be N-glycosylated. Based on our structure of nectin-2v, Asn 107 locates out of the homodimer-binding interface and near the V/C-set domain interface, which indicates that N-glycosylation may augment homodimer formation of nectin-2.
In our study, the abolition of nectin-2 binding to DNAM-1, by altering the dimer-binding interface of nectin-2, indicates two possibilities of the binding mode between nectin-2 and DNAM-1 (Fig. 7C, 7D ): the binding of DNAM-1 to nectin-2, like HSV-1 gD binding to nectin-1, also occupies the dimer interface, disrupting dimer formation or cis-dimerization of nectin-2 is necessary for its interaction with the DNAM-1 receptor. Our current work cannot rule out either of these two models, and future work should focus on this. However, Tahara-Hanaoka et al. (23) found that DNAM-1 binding to nectin-2-transfected cells was augmented substantially when the cells are pretreated with the anti-nectin-2 mAb (R2.477.1), which recognizes an epitope at one of the C set Ig-like domains of nectin-2 and blocks homophilic binding (64, 65) . This suggested that DNAM-1 binding to nectin-2 on the cell surface may compete for the nectin-2 homophilic binding site, which supports the first mode that we proposed (Fig. 7C) .
Elucidation of the molecular mechanism of the homodimer formation of nectin-2 and its interaction with immune costimulator receptor DNAM-1 will help us to understand cell-cell adhesions and several other immune processes, such as the cytotoxicity of NK and CTL cells toward tumor cells (18, 19) , the interaction between NK cells and DCs, the elimination of stimulated T cells by NK cells (66) , monocyte extravasation through the endothelium (21) , and the interaction of eosinophils with mast cells (22) . Our findings increase the general understanding of DNAM-1 and its ligands in immune recognition and activity, as well as pave the way for immune diagnosis and therapy of tumors or autoimmune diseases through DNAM-1 and nectin-2/Necl5-dependent intervention.
